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Los Angeles, California 90064

ABSTRACT

This Research Note covers progress in the SAPAG experi-
ment during the reporting period. Refinements in apparatus and
techniques for the production of ultra-fine particles, particularly
of organic ablators, are described. Representative photomicro-
graphs of powder preparations, as well as number density distri-
bution curves, are presented and discussed. The results of light
scattering investigations of aerosol distribution and stability are
analyzed. Further modifications to the facility, based in part on
the results of the above studies, and further development of in-

strumentation, are also included.

*This research .s a part of Project DEFENDER, sponsored
by the Advanced Research “ rojects Agency, Department of Defense,
under ARPA Order No. 360-62.
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1. INTRODUCTION

Heliodyne Corporation is investigating the ionization and
radiation properties of reentry vehicle materials under conditions
which simulate those of actual flight, The experimental program
involves the preparation of representative materials into sub-micron
sized particles under carefully controlled conditions, the injection
of these particles into a shock tube, and the rneasurement of electron
density and radiation as a function of distance behind the shock.
From the results obtained, the chemical kinetics of the ablation
process and the phenomenology of reentry observables can be
elucidated.

The pulverized material must be injected as sub-micron
particles so that good dispersion is obtained and the difficult fluid
mechanics can be decoupled from the shock induced ablation re-
actions. The development of methods for preparation of ultra-fine
particles is essentially complete, and is described in Section 2,
where electron photomicrographs and number density distribution
curves of comminuted material are presented and discussed.

Light scattering investigations of the efficiency of methods
developed for particle injection, and of the uniformity and stability
of the aerosol produced, are reported in Section 3. The results
confirm the validity of current injection techniques, and show that
horizontal shock tube operation is practicable under certain con-
ditions.

In Section 4, recent modifications to the shock tube are de-
scribed; these include adaptations for horizontal operation, the
insertion of a vapor barrier to eliminate contaminants from portions

of the injector, and various changes that have led to much improved
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vacuum operation.
Considerable extension of shock tube instrumentation, des-
cribed in Section 5, has made possible more efficient and compre-

hensive data acquisition.
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2. COMMINUTION

The nreparation of the ultrafine powders required for use in
the SAPAG facility has been carried out successfully both at room
temper.ture and at cryogenic temperatures. Comminution at room
temperature has been successful for those matcrials which are suf-
ficiently brittle, while the more rubbery substances have b'een
found to comminute only at relatively low temperatures. .

2.1 Experimental

2.1.1 Apparatus

Two instruments have been designed and
constructed in orde: to produce the required powder. The cryo-
genic ball mill can be used both at high and low temperatures 7 d
is capable of producing approximately 20 grams of submicron sized
powder per day. Itis constructed of stainless steel and uses stain-
less steel balls as impactors. The grinding chamber is machined
smocth and has no sharp corners so that cleaning is easily accom-
plished to minimize the level of contamination between loadings.
The grinding charanber is hermetically sealed so that the powder is
always maintained in a controlled atmosphere.

The other device being used for the production at ultra-fine
powder is the high energy harmonic impactor. This machine,
currently in prototype form, 1s capable of producing only approx-
imately four grams of comminuted material per day due to its small
size. Itis, however, being scaled up by more than a factor of ten
so that the output of this machine is expected to rise to more than
40 grams daily.

~ The grinding in the impactor is very rapid. All materials

studied to date have been reduced to micron-sized particles in less
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than 2C minutes. The principle upon which this impactor operates
is the acceleration of attritors within a crucible so that the kinetic
er.ergy of the attritors is transferred to the particles being com-
minuted, thereby breaking them up. The attritors can either be
steel balls or can be large pieces of the material being ground.
When the material being ground has sufficient structural strength,
the crucible can .e made of the same material so that contamination
by the crucible and the attritors can be reduced to zero from the
very low value observed when steel is used in these applications.

Since materials with particles ... the micron and sub-micron
size range have a very large surface area, they are very easily
cnntaminated by absorption of gases from the atmosphere which
they contact. Accordingly, all materials other than in bulk form
are handled only in a controlled, inert atmosphere dry box, a photo-
graph of which is shown in Figure 1. Thus, the observed proper-
ties of the particulate matter will be due only to the interaction of
the shocked gases with the material without any effect due to ab-
sorbed gases.

2.1.2 Materials
Real ablation materials arc currently being

ground to micron particle size in the equipment described ir the
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preceding section. These operational ablation materials exliibit
widely varying physical properties. Some are brittle at room
temperatures so that thevy may be pulverized easily without the
necessity of using low temperatures. Others, however, are rub-
bery in nature so that pulverization can occur oaly at low temper-
atures. Futhermore, other materials are composites, so that
the possibility of obtaining two separate size distributions is pre-
sent.

2.2 Results and Discussion

The marked effect of moisture upon the finely di-
vided materials is shown in Figure 2. This figure shows the pow-
der obtained from the high energy harmonic impactor both when
the comminution of Avcoat II is carried out in rocom air and when
performed co-ipletely in an inert atmosprere. It is clear that
processing of materials in a moist atmosphere yields a product
which agglomerates very markedly; a finely divided powaer is ob-
tained by removing the moisture from the atmosphere.

Figure 3 shows optical photomicrographs of the powder
shown macroscopically in Figure 2. It can easily be seen that the
dry grinding gives a much smallzr average particle size than the
same procedure produces when moisture is p.esent.

Figure 4 shows an optical photomicrograph of a fiber glass
filied phenolic graphite after being treated for one minute in the
high znergy harmonic impactor. The presence of the fiberglass
phase is very clearly showa.

Figure 5 is an ontical photomicrograph of the same material
as thown in Figure 4 ufter an additional 19 minutes in the impactor.

The absence of the large particles of the glass phase is illustrated

RN15- 64 6
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Optical photomicrograph of a phenolic graphite
treated for one minute in the high energy harmonic

impactor in a dry atmosphere. Each square

represents 5 microns. The presence of the fiber-
glass phase 1s easily seen as the rod that runs
diagonally across the photomicrograph.
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Fig. 5 Optical photomicrograph of phenolic graphite
after 20 minutes in the high energy harmonic
impactor in a dry atmosphere. Each square
represents 11 microns. Both phases have

been comminuted to the limit of detection by
optical microscopy.
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as well.

Figure 6 is an electron micrograph of the same mateusial
shown in Figare 5. The presence of the two phases is aJparent in
this picture as is the very small size of the particles.

A statistical analysis of this sample has been made by com-
pletely counting the particles from twelve randomly sampled elec-
tron micrographs. The results are shown in Table I and are plotted
in Figures 7 and 8. Two phases are easily discernible, the large
non-transparent material and the smaller, transparent phase,
arising from the glass and phenolic phases, respectively.

Among the other materials undergoing comminution for use
in the SAPAG experiment is an epoxy resin. Electron micrographs
of this material treated for seventy two hours at room temperature
in the cryogenic ball mill are presented in Figures 8 and 9. The
presence of particulate matter with major dimension of 0.2 microns
is shown tc be present. The electron micrographs also show the
loose agglomeration of smzll particles to form larger groupings.
The average particle size for the material shown in Figures 9 and
10 is approximately 0.5 microns, well within the requirements of
SAPAG.

The possibility of contamination by comminution in a steel
apparatus has also been studied by spectroscopic determination of
the presence of the metallic elements bnth before and after treat-
ment. Although the level nf contamination of the metallic elements
appears to increace, the increase is comparable to the very small
amount present initially (typically, e.g., for iron from 1.9 ppm to
3.1 ppm after 72 hours in the ball mill} so that the reliability of
these reasurements have not yet been fully ascsc<ssed. In any case,

tue absolute s mount of contaminant is very small.
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1l micron ,
! 1

Fig. 6 Electron micrograph of glass-filled phenolic graphite at a
magnification of 22000X. The very small particle size is
shown, as is the presence of two phases. The statistical
particle size analysis based upon this photograph and ele-
ven others is presented in Fig. 7 and 8.
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Fig. 7 Particle size analysis for phenolic graphite. This differential distribution
curve for material shown in Figure 6 is obtained by counting all the
particles on 12 electron micrographs. Note the presence of large amounts
of particles in the submicron range.
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Fig. 8 Particle size anal,sis for phenolic graphite. This intergral distribution
curve for material shown in Figure 6 is obtained from the data plotted in

Figure 7.
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. micron

0
Fig. 9 Electron micrograph of an epoxy resin comminuted 7Z hours
at room temperature in the crycgenic ball mill (magnification
is 15000X). The presence of small particles {0.2 microns)
is shown. Similarly, the loose agglomeration of the sn.zall
particles can be seen in this micrograph.
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l micron

Fig. 10 Electron micrograph of an epoxy resin comminuted 72 hours
at room temperature in the cryogenic ball mill (magnification
is 15000X). The presence of small particles (0.2 microns)
is shown. Similarly, the loose agglomeration of the small
particles can be seen in this micrograph.
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3. POWDER INJECTION

In order to make the SAPAG device easier to handle, and
in order to use s andard shock tube techniques, it is highly desir-
able to place the shock tube in a horizontal position. This hori-
zontal arrangement compounds the problem of dust injection becanuse
the powder injected into the tube is expected to gravitate to the
bottom of the tube soon after injection. In fact, there are some
questions as to whether or not a uniform dust mixtuire can ever be
obtained in such a facility. In order to check these features and
to gain experience in a1 horizonal dust injection device, a glass
tube was set up in one of the laboratories with an injector arranged
at one end. A light source was built which projected a narrow beam

{ light down the axis of the tube. The dust concentration was

monitored as a function of time and position by using photom»iti-
pliers and oscilloscopes.

3.1 Experimenatal Procedure

3.1.1 Scattering Apparatus
An enclosed 300 watt carbon arc was used

to illuminate a . 030 diameter pin hole which in turn illuininated a
collimating lens. The lens, pin hole and light source were arranged
so that a half inch diarneter collimated beam of light was produced.
This beam of light was chopped at 42 cycles per second so that the
signal picked up by the photo detector could be amplified by an ac
amplifier (see Fig. 11). The entire light system was placed on the
horizonta! plane below the shock tube. The light beam was
reflected vertically to a second mirror which directed the light

down the axis of the tube. This arrangement was used so

RNI15, 6-64 19
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that an axial movement of the light source produced a - erticai scan
in the tube itself. A photomultiplier tube was located at different
positions along the axis cf the galss tube. For all the tests the
photomultiplier was run at 900 volts. It is found that some flicker
existed in the light source; however, over a perind of one to two
s2conds very little change was observed in 1ts integrated behavior.
In order to monitor the total amount of light which was beamed
from the light source, the photo tube used in the test was located
directly above the first mirror in the vertical portion of the light
path. Two neutral density filters were placed in front of the photo-
tube which reduced the light intensity by a factor of 1 x 105. In
this 1nanner the electronics were kept the same so that absolute
calibrations on the phototube were unnecessary. For every experi-
mental shot the initial energy coming from the first mirror was
measured. No corrections were made for the light lost in the
second mirror or in the lucite entrance window, however, it is
felt that the amount of light which was lost is not considerable.
3.1.2 Experimental Data

The experiment was performed as
follows: first the entire tube and injector were thorougkly
cleaned with acetone, then 7 grams of teflon TFE 120, was
placed in the injector sieve. Then the entire unit was sealed and
was pumped down to less than 10 rnicrons. Sufficient time was
allowed for the dust to outgas and for any acetone present in the
system to outgas and be pumped away. The main valve was closed
so that the tube was isolated from the in jector and the pressure
in the injector was raised to 1.25 cm Hg. Then the light source

was turned on, the lights in the room were turned off and the

RN15, 6-64 21
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Fig. 12

(b)

(c)

Records of data taken with the arrangement of Fig. 11, with
the light beam at the (a) center, (b) top, and (c) bottom of
the tube. The sharp increases in the traces are caused by
changes in the attenuation on the amplifier. In (c) the light
beam scanned the tube after 25 seconds, with a scope sweep
rate of 5 seconds per centimeter. Note the relatively con-
stant scattering signal at early times. In {a) the early
scattering signal decreases slowly, and in (b) it decreases
rapidly. This is caused by particles leaving the field of
view from the top of the tube; particles lost from the bottom
are made up by particles falling fro.n higher positions.
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photomultiplier was turned on. The fan was started in the injecto»
and the speaker was oscillated at 30 cycles per second. After all
the dust had been shaken from the sieve and was thoroughly stirred
in the injector, the main valve was opered and the tube filled with
aust. Just prior to opening the mair valve the sweep was started
on the oscilloscope. Thus, the short time decay of number density
was monitored.

Figure 12 shows three sets of data. Figure 12A is a trace
taken with the photomulitiplier located 12 inches from the end plate.
The light beam is located exactly on the center of the trace. The
first burst of light is seen when the injector valve is opened. Then
a very short term decay of scattering is seen followed by a rela-
tively long period (ten to fifteen seconds) of very uniform scattering.
After about fifteen seconds one can see that the trace is no longer
flat and begins to decay in almost a linear fashion. This is attri-
buted t¢ the end cof thie passage of the largest particle sizes con-
tained in the sample which started at the top of the tube. Once the
dust is injected into the tube all of the particles begin to fall
immediately. If ripples occur in the trace non-uniformities in the
vertical directions are indicated.

The lower set of traces in each photo was triggered after a
fifty second delay. The first radical jump in the trace is where an
attenuator switch was changed from a times ten attenvation to a
times five attenuation. The scope gain was 1/2v/cm. The second
jump is where the attenuation was changed from times five to times
two. Near the end of the bottom set of traces one can see a sharp
decline in the scattered light. This is caused by the opening of a
pump-out valve which extracts all of the gas remaining in the tube.

This was done to obtain the mass loading in the tube.
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Figure 12B is a trace obtained in exactly the same fashion with
the light beam located one inch above the center line of the tube.

In this case the gain in the scope is one volt per centimeter starting
with a times ten attenuation, then changing to a times five, thena
times two, and then times one.

Figure 12C is a trace obtained one inch below the center
line of the tube. It starts out with a one volt per centimeter and
shifts from times ten to a times five attenuatuation and imme diately
thereafter the light beam is manually turned oft. This is done by
blocking the light beam. The first burst of signal following this is
when the light beam is made to traverse from the bottom of the tube
to the top. As can be seen a d-crement of about ten to fifteen per-
cent occurs in this traverse. Immediately thereafter, the light
source was dragged back and the signal can be seen to again change
b about twenty percent. The gradual increase from zar- signal
to the plateau signal is caused by misalignment of the light and
scattering from the side wall, so that it is dependent on the time
which the operator takes to scan the tube. Much later in the
second set of traces a similar scan was made very rapidly and
finally a similar scan was made from the top to the bottom. As
can be seen, as tirne goes on, the level of the light scattered by
the gas near the bottom of the tube does not change much from the
initial values; however, the light scattering from the top of the
tube is seen to decrzase fairly rapidly. This is exactly what one
would expect in a settling dust cloud containing many different
size particles, because the large particles fall through the tube
and the particules in the bottom of the tube which were initially

there continue to fall out but are replenished by dust falling from
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the upper portions of the tube. The space near the top of the tube
loses its large particles and has no supply above it, thus the upper
portions of the tube show a decrease in scattered light whereas
the bottom portions do not. The fact that the scattered light from
the bottom sections of the tube changes little indicates that the
number density distribution is uniform in height across the tube,
that is, the number of large particles falling into the lower volume
of the tube equals the number of particles falling out of the lower
volume of the tube. If the portions of the tube near the top con-
tained either more or fewer particles of a given size, the scattered
light from the bottom portion of the tube would be seen to change
more rapidly.

In addition to the detailed investigation of the vertical
distribution in the tube, a set of measurements was made alnng
the center line of the tube down the axis of the tube. The results
of these measuremerts are shown in Figure 13 where the apparent
brightness of the dust cloud is plotted as a function of position
along the tube. This curve is a plot of the light being scattered by
the dust in the tube. If the turbidity or the number density per
unit volume times a particle area times a scattering coefficient is
constant this line should be an exponential decrease. 1if there are
number density variations along the tube then the slope of the experi-
mental curve should deviate as one moves along the beam path, be-
cause the decrease in light scattered should vary as the number
density or as the turbidity. The fact that this does not occur and
there is a relatively smooth decrease of brightness indicates
that the dust is uniform along the tube. Each section of the tube

is behaving just as each section in front of it. This indicates that
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a uniform dust mixture is being obtained along the horizontal tube.
3.2 Analytical Considerations
The energy scattered from a collimated beam of

light by a cloud of dust particles is

E =f//IE nf'ﬂrzdrdwdv (1)
4 lo)

vVer
where [ is the scattering coefficient, n is the local number of
particles per unit volume, f is the size disbribution function,
w is the sclid angle occupied by E, and v, and the volume of
scattering particles.

The change in Eo can be obtained by the relationship

dE =E enf Tfrzdrdx
o o

where x is the depth into the scattering cloud and ¢ is the

scattering efficiency. This gives

E 2
InETO = nfTr edrdx (2)

o Xr
E

o)

EI
. Cee . o .

radial position in the tube since the number of particles and f

where Eo is the initial flux. The ratio can be a function of
can be functions of axial as well as radial position.

Even though it is relatively simple to formulate equations
1 and 2 the relationship of data from measurements of energy to the
actual number density requires much effort and involves additiona’
uncertainty. The particle distribution function, f, must be known
as well as €and I (6). To obtain g¢and I (6) the shape of the particles
must be known. For pulverized material both f and the shape are

not well known.,

RN15, 6-64 27
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The distribution functions can be modeled and ¢ and 1 ()

can be estimated either from theory or available data. This has
been done by assuming that f is quadratic from r = o to a maximum
at T and dec-eases exponentially thereafter. When this is above

the scattering measurement and turbidity obtained from Figures

13 yield values of . 261 x lO-Zparticles / cm and . 336 x 10-2pa.rticles

/ cm respectively for n rz. This coupled with the absolute value of

the total mass of particles collected after evacuation yields a

particle radius at which T is a maximum of about 2 microns which

is in ag:eement with photomicrographs of the Teflon powder used.

3.3 Results &nd Discussion

For sufficiently small particles {our particle size
is in the meighborhood of a micron) the gas which comes from the
inj ector carries the small parti cles with it throughout the shock
tube, so that if the dust is uniform in the injector it will be uniform
anywhere in the shock tube. The data of Figure 13 indicate that the
dust is evenly distributed. If the shock tube is fired within the
first ten to fifteen seconds after the dust is injected, the uniformity
in the vertical direction will be sufficiently constant to allow useful
testing. This can be seen by observing the decay of light scattering
irom the regions near the top of the tube (Fig. 12). Of course,
as soon as the dust enters a tube, there are portions of the shock
tube which are beginning to be non-uniform in dust concentration
starting from the top of the tube and working dowr:wards. Within
about fifteen seconds, for one centimeter initial shock tube pressure,
the uniformity gradient in the vertical direction is zero except for
a region about a few millimeters near the top of the tube. If the

firing of the tube can be made automatic after the injection of the
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powder. the uniformity will be even better than if the tube is fired
manually becausc the firing of the tube can be accomplished more
rapidly with an automatic system. Based upon the esults of the
injection test, it appears entirely feasible to arrange the shock tube
in a horizontal position and inject the dust from an intermediate,

relatively high pressure volume.
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1. SHOCK TUBE MODIFICATION

From experience gained in the operation of the shock tube,
and as a result of the data obtained in the powder injection test,
several modifications have been made on the SAPAG device.

4.1 Injector Study Implications For Horizonal Operation

As mentioned in Section 3, the horizonal shock tube
appears feasible if the tube can be fired immediately after dust in-
jection. For this reason the shock tube has been mouited in a
horizonal position. All sections of the tube are now steel, with
quartz and glass windows available for instrumentation. The in-
jector is located at one end of the tube in a similar fashion as used
in the injector test. During operation the gas used for testing is
placed in the injector. The shock tube itself is left evacuated and
is isolated from the injector. Then the dust is injected into the
injector housing and is finally placed in the shock tube by opening
the inter-connecting valve. In this fashion all the gas that is to be
used in the test is thoruughly mixed with the dust prior to placing
it in the shock tube. This process accounts for the uniformity en-
countered in the injection process because dust imbedded in the gas
tends to remain inbedded in that particular gas even when the pres-
sure is drastically lowereu.

The operational procedure in firing the shock tube has been
arranged so that the tube can be fired immediately after the dust
injection, with a minimum of elapsed time occurring between in-
jection and firing.

4.2 Injector Vapor Barrier

The injector device described in Researh Note 12

consisted of a large vacuum can in which a 12 inch speaker was
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placed. The speaker is used to oscillate a sieve which contains the
powder to be injected into the tube. With the new injection process
the pressure in the injector housing is set slightly above the P1
value desired in the shock tube and the injector is operated in

the ordinary fashion. In addition, a fan has been placed underneath
the sieve and is run during the in jection process. This simply
stirs the injected dust thoroughly with the gas to be tested and after
all of the dust is injected into the gas, the valve sc¢parating the in-
jector housing and the shock tube is opened.

The speaker used in this process is a source of contaminants
because the construction of the speaker requires the use of shellac
and papers which tend to out-gas and produce water vapor, and
relatively high vapor pressure organic materials. it was desired
therefore to isolate the speaker from the powder being tested.

This has been accomplished by placing a vacuum tight mambrane
across the end of the injector housing which allows only trans-
verse motion. The system containing the speaker is still evacuated;
however, the pressure achieved in this section is in the neighbor-
hood of 40 or 50 microns. Figure 14 is a scheimatic drawing of the
vapor barrier installed in the injector housing.

4.3 Vacuum System Improvements

The vacuum systcin fas been modified to produce
lower pressures in the test device. A new liquid nitrcgen trap has
been installed. With this addition the pumping system, including
:he trap and the inter-connecting plumbing, has a base pressure
in the neighborhood of 1 x 10-6millimeters cf mercury. In the shock
tube the base pressure is in the neighborhood of 5 x 10-6millimeters

of mercury. It is anticipated that during the next contract period
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flush vacuum valves will be obtained which allow large openings
directly to high speed diffusion pumps. This will be especially
important when production shots of ablation powders are being run
because the ablation powders will produce high vapor pressure
organic materials which will contaminate the system.

A mass spectrometric leak detector which has been
added to the system has been ve:y useful in improving vacuum

operations.
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5. INSTRUMENTATION

Considerable improvement has been made in instrumentation
of the shock tube for measurement of ionization and radiation pro-
perties of ablation species. Data can be obtained on a better quan-
titative basis and more co.aprehensive coverage of observables
is possible for each run.

5.1 Electron Density

A new induction coil has been completed for the
measurement of electron number density. The electronic para-
meters of the new coil are the same as those of the previous coil;
however, the new device is encased in a metal tube and can be used
over a much higher range of shock strengths.

5.2 Radiation

The various photomultiplier tubes and the indium-
antimonide infrared detector in use are fitted with interference
filters which define band-passes so that quantitative intensities
are obtained, and which permit observations within band systeirs
of interest. The phototube-filter combinations have been calibrated
against a standard lamp so that measurements can be reduced to an
absolute basis.

Ahalf-meter Ebert mounting spectrcgraph has been fitted
with a rotating sector which scans the slit during a period that
corresponds to shock radiation duration and gives iime resolved
emission spectra. An E. G. and G. flash lamp has been added for
use with this instrument so that time resolved absorption spectra
can be obtained similarly.

A Jarrell-Ash {/6. 3 spectrograph has been added to the

instrumentation, including a photoelectric attachment for obtaining
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finely time resolved intensity measurements. In addition, an arc
and spark unit has been mounted for obtaining reference spectra.
A small tungsten filanient lamp, calibrated against our N. B. S.
tungsten filament standard lamp, has also been set up as a working
standard.

Data recording has been facilitated by the aquisition of
additional Telitro...x type 535 and 555 oscilloscopes with Polaroid

cameras.
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